The Stocks suction bullet is a device allowing maintenance of positive pressure ventilation, continuous distending pressure and high inspired oxygen concentrations during tracheal toilet in intubated patients. The effectiveness of this device was studied using an experimental apparatus and a dummy lung to represent neonates being treated with either c.P.A.P. or I.P.P. V. and P.E.E.P.
the endotracheal tube (ETT). Ventilation and distending airway pressures (D.P.) continue throughout the process.
This paper describes a study of the use of this device with a lung model describ:.:.i in previous papers (Poole, Abrahams and Fisk 1974, Abrahams et al. 1975) representing the lung of an infant or small child. The study was undertaken to assess:
A. The pattern of airway pressure changes during the suction sequence. a) without the use of the bullet b) with the use of the bullet.
B. The effect of changes in ccrtain factors on the pattern and~ magnitude of airway pressures produced during suction.
C. The combination (s) of these factors giving optimal maintenancc of D.P. and ventilation during trachea-bronchial suction.
D. The effectivcness of the bullet 111 maintaining ventilation and distending pressures during the suction sequence.
E. Possible dangers that might arise from the use of the bullet for suction during ventilation and D.P. ~
MATERIALS AND METHODS
Three separate experiments were performed to simulatc the following clinical situations:
r. An infant or small child being ventilated with positive end expiratory pressure (P.E.E.P.) .
11. An infant or small child being treated with constant positive airway pressure (C.P.A.P.) generated by use of the ventilator circuit.
Ill. An infant or small child being treated with c.P.A.P. generated by a Carden C.P.A.P. generator (Carden et al. 1974) modified to allow suction through a Stocks suction bullet.
Experiment I. Ventilation with PEEP
The experimental apparatus is shown diagrammatically in Figure 3 . It consists of the modified Vent-Viva (CIG Mc.:.iishield) ventilator system as used in clinical practice at the Prince of Wales Hospital, connected to an artificial lung. A ventilator (Bird Corporation, Palm Springs, CA USA) was used to drive the bagin-bottle which filled from a reservoir and ventilated the "lung" through a plastic tube representing a "trachea". A full length ETT (Portex "B;ue Line", Portex Ltd., Hythe, Kent, England) of appropriate size (internal diameter 2.5, 3.0, 3.5 or 4.0 mm) was placed in the "trachea". A continuous fresh gas flow from a ball flowmeter (CIG Medishield) was directed by one way valves throughout the circuit and passed through a combined expiratory valve and distending pressurc generator. The bullct under test was placed in the J ackson Y piece as shown in Figure 2 .
Experiment 11. CP A P, Ventilator Circuit
The experimental apparatus was the same as for Experiment 1 except that the ventilator rate was set to zero.
Experiment Ill. CPAP, Modified Cm'den Generator A Carden CPAP generator was modified to enable suction to be performed through a Stocks suction bullet (Figure 4 ). The modified Carden CPAP generator replaced the ventilator circuit, and was connected directly to the ETT.
In each experiment tracheal pressure changes were recorde.d before, during and after suction: a) without the use of the bullet b) with the use of the bullet. When a bullet was used the suction sequence consisted of the following steps: 1. The cap covering the bullet was removed ("cap off"). 2. The suction catheter tip was placed within, but not protruding through the bullet lumen ("cath in"). 3. The suction catheter was advanced through the bullet lumen so that vhe tip protruded 0.5 cm past the tip of the bullet ("cath through"). 4. The suction catheter was advanced through the bullet, down the ETT until it protruded approximately 2.5 cm past the tip of the EIT ("cath down"). 5. Suction was performed by closing the side arm on the suction catheter ("suction") . 6. The suction catheter was removed and the cap replaced ("cath out"). Throughout the sequence tracheal pressures were continuously recorded and were allowed Anaesthesia and lntemi!"e Care, Vol. VI, No. 3, August, 1978 to stabilize before progression from one step to the next, except during step 6 when the cap was replaced as soon as possible.
All recordings were made with a Devices Model M19 polygraph (Devices Ltd., England) coupled with a Statham P23Dc pressure transducer. The system was initially calibrated against a column of water and was thereafter maintained electronically. The limit of accuracy of the transducer stated by the manufacturer was from 54.5 cm H 2 0 subatmospheric pressure to at least 100 cm H 2 0 above atmospheric pressure.
Suction p~essures were regulated and measured usmg a Venturi wall suction regulator (high suction regulator, H. 1. Clements, Pty. Ltd., Sydney). The negative pressure limit was set by occluding the interconnecting plastic tubing (S.O mm internal diameter) and adjusting the regulator to produce the desired maximum negative pressure.
The artificial lung consisted of eight 500 ml glass bottles filled with copper wool, sealed and connected together in parallel.
The compliance could be varied by altering the number of bottles in the system. This model has been previously reported by Poole et al. (1974) and the same compliance curves and leak testing methods described by these authors were used in these experiments.
The compliances used in this study were: 0.7 ml/cm H 2 0 with 2.5 mm ID ETT 2.4 ml/cm H 2 0 with 3.0 and 3.5 mm ID ETT 4.9 ml/cm H 2 0 with 3.0 mm, 3.5 mm and 4.0 mm ID ETT Two different suction catheters were studied, the Pharma-Plast (Pharma-Plast, Australia Pty. Ltd.) and Argyle Aeroflo tip (Argyle, Sherwood Medical Industries Inc., St. Louis, MO USA) ( Figure 5 ). The sizes used were as far as possible in accordance with the recommendations of Rosen and Hillard (1960) and Poole et al. (1974) and were either French Gauge (F.G.) 5 or 6 in Pharma-Plast (designated P5 and P6) or F.G. 5 in Argyle catheters (designated AS).
The bullets used were manufactured from stainless steel (CIG Medishield Pty. Ltd., Sydney) and were designed to fit tightly into the J ackson Y piece. They were designated size B5, B6, B7 or BS according to the largest size EG. plastic tubing that would just pass through the lumen. In Experiments I and II the fresh gas now through the ventilator circuit was set at either 5 l/min or 15 l/min. In Experiment III the gas flow to the Carden CP AP generator was that necessary to produce the required distending pressure.
Combinations of different endotracheal tube sizes, compliances and ventilator rates (20/min and 30/min) were studied. Endotracheal tube connectors (Portex Ltd., Hythe, Kent, England) were of appropriate size for each ETT. Presuction distending pressures were set at either 0,5 or 10 cm H~O and in Experiment I the peak pressures delivered by the ventilator were set either 20 cm H~O or 30 cm H~O higher than the distending pressure. The pressure recordings obtained with various combinations were compared to determine the effect of changes in:
(a) Bullet lumen size (b) Catheter type (c) ETT size (d) Compliance (e) Ventilation rate (f) Distending pressure (g) Negative Suction pressure limit and where applicable the effect of changes in:
(h) Fresh gas flow rate (i) Ventilator peak pressures.
From a consideration of these comparisons the optimal conditions for use of the bullet were determined. The effectiveness of the bullet in maintaining D.P. and ventilation was then determined by comparing the pressure recordings obtained when no bullet was used with those obtained when suction was performed through a bullet under optimal conditions.
RESULTS

Experiment J
A. Pressure Changes (a ) No bullet used. When the cap was removed at the start of the suction sequence ventilation ceased and airway pressure fell immediately to zero. Negative pressures were generated in the "trachea" when suction was applied ( Table 1) . Dangerously high negative values were recorded using the 2.5 mm ETT with a lung compliance of 0.7 ml/cm H~O. A typical pressure recording is shown in Figure 6 . No variation from this pattern was seen with any other combination of variables. Figure 7 shows the typical pattern seen and this was similar for all combinations of variables studied. When the cap was removed there was an initial decrease in both D.P. and peak pressure (P.P.) but when the catheter entered the bullet lumen pressures were rapidly restored towards pre-suction levels. As the catheter was advanced down the ETT a significant rise in D.P. occurred, but peak pressures remained fairly stable, with the exception that when an Argyle catheter was When no bullet was used airway pressures fell to zero when the cap was removed, and negative pressures were generated during suction. Dangerously high negative values were recorded with the 2.5 mm tubes and their appropriate compliances.
used, a small drop in P.P. was always seen during the third step in the suction sequence ( Figure 8 ). When the side arm was closed and suction applied, a further fall in both P.P. and D.P. occurred with both catheters.
The actual pressures recorded and the time taken to reach their final values depended on the particular combination of variables in use.
B. Effect of altering individual variables
(a) Bullet lumen size. Table 2 compares pressures recorded when suction was performed using a bullet (BS) with a lumen just large enough to permit passage of the suction catheter (PS) and one with a slightly larger lumen (B7) which allowed a small leak. Both peak pressures and D.P. were better maintained when the bullet with the smaller lumen was used. Peak pressures were affected more than D.P. and fell off rapidly with even small leaks between catheter and bullet.
Anaesthesia alld Intensive Care, Vol. VI, No. 3, August, 1978 (b) Catheter type. The B7 bullet was the smallest size that would accept the expanded mushroom tip of an Argyle F.G. S Aeroflo catheter. After the tip of this catheter passed through the bullet lumen (step 3) a small leak occurred between the shaft of the suction catheter and the bullet and the peak pressures recorded always fell significantly at this time. (Figures 8 and 9 ). This was not seen when Pharma-Plast catheters were used. Comparison of the pressures recorded using a Pharma-Plast F.G. S catheter and a size S bullet (Figure 7 ) with the pressures recorded using an Argyle F.G. S catheter and size 7 bullet ( Figure 8 , Table 3) consistently showed the PS, BS combination to be superior in all steps of the suction sequence. When these suction catheters were used with a size 8 bullet it was found that the PS, B8 combination was more effective during steps 3 and S of the suction sequence, but only marginally better during steps 2 and 4 (Table   4 ). Pharma-Plast FG5 Elldotracheal TlI!>e: 
The smaller the bullet lumen size and the better the fit between sllction catheter and bullet lumen the better arc airway pressures maintained during the suction sequence.
Bul/cl Size:;
Cotheter Pharmo-piast FG 5 The smaller the internal diameter of the ETT the greater was the rise in D.P. and the smaller was the difference between P.P. and D.P. as the suction catheter was advanced down the ETT (Tables 3 and 4 ). When the smallest (2.5 mm TO) ETT was used the rise in D.P. in step 4 was marked and sometimes exceeded the presuetion D.P. by more 5 cm H~O. However peak pressures remained relatively stable. The higher the compliance the better were both D.P. and P.P. maintained during steps 1, 3, 4 and 5 of the suction sequence (Table 5) . Compliance values did not significantly affect the pressures generated in step 2. A No. 7 bullet was the smallest size that would accept the tip of the Argyle F.G. 5 catheter. When this catheter tip passed through the bullet a small leak occurred and some of the effectiveness of the technique was lost. Pharma-Plast FG5 catheters fit snugly into size 5 bullets and formed a much more effective combination for maintaining airway pressures during all steps of the suction sequence. -17 The Pharma-Plast FG5/Bullet size 8 combination was more effective during steps 3 and 5 of the suction sequence but only marginalJy better during steps 2 and 4. When faster ventilation ratcs were used D.P. was better maintained during all steps in the suction sequence but the differences between D.P. and P.P. wcre smaller. The increase in D.P. regularly scen in step 4 of the suction sequence was more pronounced when faster rates were used ( Table 6 ).
(f) Distending Pressure.
When thc presuction D.P. was raised thc minimum D.P.'s and P.P.'s rcached were raised proportionately.
(g) N egatil'e Suction pressure limit.
The pressure drop during suction (step 5) The higher the fresh gas flow through the system, the closer the pressures recorded during the suction sequence approached the presuction levcls (Table 7, Figure 9 ). Increasing the F.G.F. was found to provide some compensation for small leaks in the system. 
Distending pressures and peak pressures were better maintained during: suction when the "'lung:" compliance was higher. A1/"e),tllejiL~ "'Id Intell)in ! Care, J'ul. 1'1, No. 3, August, ] Anaesthesia and Intensive Care, Vol. VI, No. 3, August, 1978 (i) Ventilator peak pressure.
-
When the ventilator was adjusted to produce larger presuction peak pressures, D.P.'s were more effectively maintained and the rise in D.P. during step 4 was much more pronounced (Table 7) . This manoeuvre consistently produced higher D.P.'s than expected during the suction sequence. P.P.'s recorded during the suction sequence were proportionate to the presuction P.P.
e. Optimum Combination
The most effective combination was found to be one which included a tightly fitting suction catheter/bullet combination and a high fresh gas flow combined with higher compliances and smaller ETT's.
D. Effectiveness of the bullet in maintaining
D .P. and ventilation during suction sequence When an effective combination was used both D.P. and ventilation were maintained (Table 8) to within 90 % of the presuction levels during steps 2-4 and to within 80% of presuction levels during steps 1, 5 and 6. Adjustment of the presuction D.P., ventilation rate and peak pressure, suction limit and F.G.F. allowed regulation of the minimum D.P.'s and P.P.'s reached during the suction sequence to whatever values were desired. --- 
Increasing the Peak Pressure generated by the ventilator during the inspiratory phase (Peak Pressure) uniformly produced higher airway pressures during the suction sequence. Adjustments of ventilator Peak Pressure before suction can be used to ensure that desired pressures are maintained during suction. When suction was performed using the Stocks bullet, distending pressures were maintained to within 80-90% of presuction levels. Ventilation (expressed as Peak Pressure -Distending Pressure) was well maintained except during steps 1 and 6 of the suction sequence. E. Assessment ot possible dangers ot the use ot D.P. and ventilation during suction The highest distending pressures reached in this experiment and the combination producing them are shown in Table 9 . Although there was an alarming rise in D.P. during step 4 of the suction sequence with this combination, peak pressures fell slightly.
Experiment 1I. CPAP generated by Vent-Viva system
Pressure Changes (a) No bullet used.
As with Experiment I, airway pressures fell to zero when the cap was removed and negative pressures were generated when suction was applied. These pressures differed only marginally from those shown in Table 1 . (b) Bullet used tor suction procedure. The D.P. fell when the cap was removed, was restored when the catheter was inserted, remained relatively stable when the suction catheter was passed down the ETT and fell again during suction. Figure 10 is an example of the typical pattern. The actual pressures recorded and the time taken for them to reach their final values varied with the combination of variables used.
(c) Effect ot altering individual variables. The results were similar to those found for D.P. in Experiment 1. Pressures recorded during the suction sequence were higher when:
(i) no leak occurred between the suction catheter and the bullet (Figure 10 ).
Bu//e/size5
Pharmaplast FG. 5 (ii) Pharma-Plast catheters were used. (iii) the "lung" compliance was higher.
(iv) the fresh gas flow was higher.
(v) the initial D.P. was higher. Pressures during suction (Step 5) were more negative when smaller tubes were used and when higher suction pressures were used. The time taken to regain presuction levels was shorter with higher FG.F.'s and lower compliances. Although under extreme conditions there was an alarming rise in P.E.E.P., Peak Pressures fell slightly, leading to the conclusion that production of pneumothorax would be unlikely. (d) Effectiveness of the bullet in maintaining D.P. during the suction sequence. When an effective combination was used D.P. was maintained to within 80-90% of presuction values. Adjustment of presuction D.P., suction limit and FG.F allowed regulation of minimum D.P. reached during the suction sequence to desired values. By comparison, when no bullet was used, D.P. fell to zero when the cap was removed, and negative airway pressures were generated during suction (Table 10) .
Experiment Ill. CPAP generated by modified Carden CPAP generator (a) No bullet used. Changes in pressure did not differ markedly from those recorded in Table I . (b) Bullet used for suction procedure. The behaviour of this system was found to be similar to the behaviour of the system examined in Experiment II.
(c) Effect of altering individual variables.
Results were similar to those found in Experiment Il except that FG.F. was no longer an independent variable.
(d) Effectiveness of the bullet in maintaining D.P. during the sllction sequence. As with Experiment Il, D.P. was maintained to within 80-120% of presuction values. Adjustment of pres.uction D.P. a':ld suct!on limit allowed regulatIOn of D.P. dunng suctIOn to desired levels.
DISCUSSION
Negative intrapulmonary pressures produced during suction lead to increased venous return and greater volumes of blood in the lungs, great veins and heart (Rosen and HiIlard 1960, Rigler 1959 ) and when airway pressure falls below the alveolar closing pressure, alveolar collapse occurs (Brandstater and Muallem 1969) . This commonly causes major ventilation/perfusion disturbances leading to hypoxia (Colgan, Whang and GiIlies 1968), decreased compliance (Colgan et al. 1968 ) and increased elastic lung resistance (Brandstater and Muallem 1969. Schmidt 1966) . In addition there is evidence to suggest that adverse reflexes may be activated by ~his chain of events (Rosen and Hillard 1960, Brodie and Russell 1900) . This may be one cause of cardiovascular collapse and sudden death of which there been several reports (Clin. Anesth. Conf. 1968 , Keown 1960 , Segal 1965 , Shumacher and Hampton 1971 . Interruption of ventilation and distending pressure further aggravates the situation.
Several attempts have been made to prevent these problems and minimise the complications. These include:
(a) Appropriate choice of catheter, ETT and connector size (Rosen and Hillard 1960, Poole et al. 1974 ). (b) Manual hyperinflation of the lungs with O~ before and after each episode of suction (Fell and Cheney 1971) . ( c) The use of a double lumen suction catheter for the administration of O~ during suction (Boba et at. 1959 , Berman and Stahl 1968 , Boutros 1970 . (d) Limiting suction duration to a maximum of 15 seconds (Fell and Cheney 1971) . ( e) Provision of a side arm or hole in the suction catheter to prevent the development of negative airway pressures during insertion of the suction catheter (Rosen and Hillard 1960, Poole et al. 1974) .
(0 Limiting the suction pressures applied to the airway (Mainland 1970 , Poole et al. 1974 (g) The use of straight sided suction catheters instead of tapered ones which tend to occlude the ETT (Poole et al. 1974 ). (h) Suctioning through the suction side arm of an interposed sterile Rovenstine adaptor without disconnecting the ventilator (Urban and Weitzner 1969) . The technique of suctioning through a Stocks bullet is similar in concept to (h) but has the following advantages:
(i) Simplicity: once in place suction requires only standard procedure. (ii) Aids in insertion of the suction catheter by accurate direction down the ETT. (iii) Reduces deadspace in the system. (iv) Lightweight and adds no extra apparatus externally. In addition the Stocks bullet is ideally suited for mass production in plastic allowing disposability and economy. The effectiveness of this technique in solving the problems associated with suctioning can be readily seen by comparing the pressures recorded when suction was carried out through a suction bullet (Figure 7 , Table 8 ) with those recorded when suction was performed through an open ETT ( Figure 6 , Table 1 ).
The long narrow central lumen of the Stocks suction bullet provides a high resistance to gas flow which prevents the pressure in the system from falling during the suction sequence. The size of the lumen is therefore critical as the resistance varies inversely as a 4th power function of the radius. It is recommended therefore that the catheter should fit closely within the lumen of the bullet.
Argyle Aeroflo catheters have an expanded mushroom tip ( Figure 5 ) designed to prevent damage to tracheo-bronchial mucosa (Lander, Amikam and Sackner 1971 , Sackner et al. Anaesthesia and Intensive Care, Vol. VI, No. 3, August, 1978 1973 . The diameter of the tip exceeds that of the shaft and this requires the use of a slightly larger bullet lumen size than for straight sided catheters such as the Pharma-Plast. Once this tip has passed through the bullet, the fit is less than optimal and some of the effectiveness of the device is lost. The development of a straight sided catheter for use with the bullet, the tip of which has the same diameter as the shaft but which retains the same protective characteristics to prevent mucosal damage would seem desirable. For the present however, if the use of an Aeroflo tip catheter is considered desirable, adjustments detailed below must be made before suction in order to compensate for the larger lumen size required.
Pressures recorded in these experiments were lowest at the beginning and end of the suction sequence (steps 1 and 6) when the cap was off but the catheter was not in the bullet lumen. This pressure drop can be minimised in two ways. Firstly the suction catheter should be inserted into the bullet immediately the cap is removed and the cap should be replaced as soon as the catheter is withdrawn. Secondly the cap should be removed only at the beginning of the inspiratory phase of the ventilator cycle as this also helps to maintain system pressure. The development of a thin plastic diaphragm or fishmouth valve to cover the lumen may completely eliminate this problem.
During these experiments it became apparent that by using this technique it was possible not only to maintain ventilation and D.P. but also to regulate the D.P.'s and ventilation recorded during the suction sequence by presuction adjustments. This was achieved by increasing the distending pressure, peak pressure, ventilator rate and fresh gas flow immediately before initiating the suction sequence. The exact amount of these adjustments depended on the characteristics of each tube and catheter combination and the suction pressure applied if precise results were required. However, for practical purposes, it was found that when the suction limit was set at 200 mm Hg the D.P. could be maintained close to the presuction levels by increasing the fresh gas flow to 15 L/min. and the baseline D.P. by 5 cm H20 before suctioning. The effects of changes in lung compliance were too small to be of clinical importance.
In the ventilator experiment the behavior of the system during step 4 of the suction sequence was interesting. It seems that the further the catheter was advanced the greater was the resistance to flow through the ETT. During inspiration less gas was able to be forced into the lung by the ventilator, leading to a dampening of peak pressure development. However before this gas could pass out again during the expiratory phase, a higher "intrapulmonary" pressure was required. These two effects resulted in a significant rise in the D.P. which compensated for the decreased gas entry during the inspiratory phase so that peak pressures reached remained relatively stable.
Two other possibilities were raised by the system's behavior during step 4. Firstly, that high pressures may result from the use of inappropriately matched catheter-ETT combinations and that this might produce pneumothorax. However, from the results obtained this would not appear to be a practical problem as the D.P. did not rise above 18 cm H 2 0 even under extreme conditions and peak pressures remained relatively stable. Furthermore there is evidence to suggest that the incidence of pneumothorax is decreased when the bullet is used (Dwyer 1975) . This was to be expected since the bullet technique eliminates the need for manual hyperinflation with sustained high pressure before and after suction. This latter technique is common clinical practice and is thought to contribute to the incidence of pneumothorax itself, although this has not yet been proven.
The second possibility is that by appropriate matching of ETT internal diameter and catheter external diameter it may be possible to regulate the rise in D.P. during step 4 so that during suction intrapulmonary pressures would not fall below preselected levels. This would eliminate the need to adjust F.G.F. and D.P. before suctioning. However, investigation of this possibility was beyond the scope of our protocol and at present it is suggested that the recommendations of Rosen and Hillard (1960) be followed in regard to catheter size.
Since ventilation and D.P. continue throughout the suction sequence when using the bullet technique, the maintenance of high O 2 concentrations during suction is facilitated. This is difficult with present manual inflation routines. Also since intermittent shunting consequent on atelectasis and V IQ imbalance should be less frequent it should be possible to lower FiO:! more rapidly, thereby making it easier to avoid O:! toxicity in this highly susceptible population.
Presently recommended limits on suction pressure and time taken for suctioning (Poole. Abrahams and Fisk 1974 , Fell and Cheney 1971 , Mainland 1970 frequently make the removal of secretions difficult, especially when the smaller gauge suction catheters must be used. The ability to control airway pressures by simple adjustments before suctioning begins. allows the use of higher suction pressures than at present recommended and since a positive airway pressure and effective ventilation can be maintained throughout the sequence the time allowed for suctioning can also be considerably extended.
The bullet was used with equal efficacy with both CP AP models and similar adjustments could be made to regulate the drop in pressure during suction. Although positive pressures were well maintained in these experiments, the lung model used did not simulate spontaneous respiration. It is obvious that during inspiration against a partially obstructed airway, pressures may fall. However, in this situation the pressure gradient across the alveolar wall is increascd and atelectasis does not occur unless this gradient is reversed during suctioning as it may be when no bullet is used. When suction is performed through a bullet the pressure gradient across the alveolar wall tending to prevent collapse is maintained even when negative tracheal pressures are produced during inspiration.
CONCLUSION
The Stocks suction bullet is a simple and effective device for maintaining ventilation, D.P. and oxygenation during suction. For maximum effectiveness it is recommended that it be used with straight sided suction catheters which fit closely within the bullet lumen. Using this technique the presuction PEEP or CP AP can be approximately maintained during suction limited to 200 mm Hg negative pressure by increasing the D.P. by 5 cm H 2 0 and the fresh gas flow to 15 L/min immediately before the suction sequence begins.
